The quantitative importance of total systemic autoregulation in the whole body was studied in dogs in which the cardiovascular control loops of the central nervous system were eliminated by decapitation and alcohol destruction of the spinal cord. Transient changes in cardiac output, right atrial pressure, oxygen consumption, arteriovenous oxygen difference, and hematocrit diat occurred immediately after single-step changes of 25 to 50 mm Hg in arterial pressure were followed by gradual return of the variables toward control values. The time required to reach a new steady state ranged from 13 to 75 minutes with an average of 35 minutes. The calculated open-loop gain of the autoregulation control system ranged from 0.93 to 9.5 with an average gain of 3.32 ± 0.7 (SE) indicating more than 75% compensation. In a second group of animals the arterial pressure was increased from 50 mm Hg to as high as 150 mm Hg in small steps of 10 to 15 mm Hg allowing 5 to 20 minutes on each step for the autoregulation response to occur. The pressure-flow curves showed significant total systemic autoregulation. The return of arteriovenous oxygen difference and oxygen consumption toward control values is consistent with a metabolic mechanism of autoregulation. The absence of significant transcapillary fluid flux in autoregulating preparations indicates (a) that the locus of autoregulatory resistance changes is completely or almost completely in the precapillary vessels of the circulatory system and (b) that autoregulation is important in maintaining capillary pressure at a normal level as well as in maintaining blood flow at the level required by the tissues.
• Although the phenomenon of autoregulation is known to occur in many if not most tissues of the body (1), it has been very questionable whether there is enough autoregulation in enough different tissues to cause autoregulation of blood flow in the total systemic circulation. That is, if some extraneous factor artificially changes arterial pres-sure, will cardiac output change as much as the arterial pressure, or will the cardiac output be autoregulated and not rise or fall as much as pressure? If such total systemic autoregulation does occur, then this phenomenon must be taken into consideration in every analysis of interrelationships between arterial pressure and cardiac output. In several different laboratories an autoregulatory mechanism for increase in total peripheral resistance in response to relatively minor increases in cardiac output has been claimed to be the basis of certain types of hypertension (2, 3) . That is, a slight increase in cardiac output has been postulated to cause too much blood flow through the peripheral tissues, which in turn supposedly causes peripheral vasoconstriction, thereby causing a type of hypertension in 380 GRANGER, GUYTON which the primary event is only slightly increased cardiac output while markedly increased total peripheral resistance is secondarily caused by the autoregulation phenomenon. Proof that such a mechanism does exist depends entirely on being able to demonstrate that autoregulation can occur in the total systemic circulation and not merely in isolated tissues.
Yet, there have been only a few preliminary attempts to demonstrate autoregulation in the total systemic circulation. The only study of this documented in the literature is one by Folkow (4) in which he demonstrated systemic autoregulation in kittens in which the aorta was perfused with blood from adult cats. The demonstrated degree of autoregulation was very slight, but nevertheless it did occur.
In the present study we attempted to determine whether or not autoregulation in the total systemic circulation is of enough quantitative significance to be reckoned with in usual hemodynamic analyses of circulatory function.
Methods
Animal Preparation.-Seventeen mongrel dogs weighing 7 to 16 kg were anesthetized with sodium pentobarbital, 30 mg/kg, and heparinized with sodium heparin, 10 mg/kg. Arterial pressure was measured using a Statham P23AC transducer connected to a catheter placed in the left femoral artery. A catheter inserted into the left femoral vein was advanced to the level of the right atrium and connected to a Statham P23BC transducer for monitoring right atrial pressure. A catheter placed in the right femoral artery was connected to a reservoir bottle which maintained a constant pressure head of 50 to 150 mm Hg.
A continuous cardiac output recorder (5) that utilizes the Fick principle was used to monitor cardiac output. The instrument consists of three basic components: an arteriovenous (A-V) oxygen difference recorder, an oxygen consumption recorder, and a small analog computer. The A-V oxygen difference between arterial blood from the right carotid arteiy and venous blood from the right ventricle is recorded continuously by a photoelectronic method. The oxygen consumption recorder utilizes a paramagnetic oxygen analyzer. The analog computer divides the oxygen consumption by the A-V oxygen difference to yield a continuous cardiac output recording. All variables were monitored on a Beckman Type R recorder.
Body temperature was maintained at 37°C by use of a thermostatic thermometer in the rectum and heat lamps. Hematocrit determinations were done in duplicate on arterial blood.
While all variables were being monitored, the animal's spinal cord was destroyed by injecting 95% per cent ethanol, 1 ml/kg, into the lumbar spinal canal. This procedure caused a rapid fall in arterial pressure to between 30 and 50 mm Hg and stopped respiration. Artificial respiration was started immediately using a Harvard respirator, and arterial pressure was reelevated by a constant infusion of epinephrine and norepinephrine. The rate of infusion was adjusted to a level at which the arterial pressure returned to its normal control level of 100 to 200 mm Hg; this required 0.9 to 10.0 yiig/kg of catecholamine per minute. After this initial adjustment, the rate of infusion was not altered during the course of the experiment. Most of the animals were decapitated following the spinal cord destruction. The animal's neck was placed in a vise to crush the cervical region of the spinal cord. The head was removed distal to the vise with loss of no more than 5 ml of blood from the wound. Elimination of the central nervous system by decapitation and alcohol destruction of the spinal cord provided an experimental preparation in which the vascular tone could not be increased or decreased by the central nervous system, thereby eliminating the possible extraneous factor.
Experimental Procedure.-To study total systemic autoregulation the arterial pressure was raised or lowered in steps. This was done by adjusting the arterial reservoir bottle connected to the femoral artery. When the bottle was raised, blood from the bottle flowed into the animal until the arterial pressure equaled the height of the reservoir blood. Conversely, lowering the bottle allowed the pressure to fall.
A major problem in these experiments was to obtain blood for the reservoir bottle that was completely compatible with the blood of the animal, for otherwise blood reactions caused abnormal effects that destroyed the effectiveness of the results. At first we used blood from donor animals and discarded the results from animals in which reactions occurred. However, because of the frequency of these reactions the following procedure, which was satisfactory in almost every experiment, was later developed. First, 300 to 400 ml of 5% dextran solution in isotonic saline was placed in the arterial reservoir bottle. The animal was infused with this solution by stopping the constant infusion of epinephrine or norepinephrine, thereby allowing the arterial pressure to fall until all the dextran solution was in the animal. The pressor agent was then restarted, causing blood to return from the dog into the perfusion bottle. The pressor agent was again stopped and restarted another one or two times until the composition of the blood in the reservoir was exactly identical to that of the animal's own blood. With the perfusion bottle at a level of 100 mm Hg arterial pressure, approximately 300 to 400 ml of blood thoroughly compatible with the animal's own blood was then available in the reservoir. This blood could then be used to increase arterial pressure to as high as 150 mm Hg, or the pressure could be reduced by simply bleeding into the reservoir.
The experiments were divided into two groups. In the first group the autoregulatory response that occurs with a step increase or a step decrease in arterial pressure was studied. The step changes, either up or down, ranged from 25 to 50 mm Hg. In the second group the arterial pressure was increased gradually from 50 mm Hg up to as high as 150 mm Hg, or it was decreased in the opposite direction. The changes in pressure were made in small steps of 10 to 15 mm Hg, and 5 to 20 minutes were allowed on each step for the response to occur. Using this procedure, autoregulation curves were obtained over an arterial pressure range of 50 to 150 mm Hg.
Cain of Cardiac Output Control System.-The
open-loop gain of the autoregulation control system was calculated using the standard control system formula:
where (AF) E is the experimentally observed change in blood flow following a step change in arterial pressure, and (AF) R is the change in blood flow that would have occurred in a rigid vascular system following the same step in arterial pressure. The values for (AF) R were obtained from the theoretical rigid system pressure-flow curve in Figure 4 .
Results

Autoregulatory Responses to Single
Step Changes in Arterial Pressure.-Results from one of the better experiments are shown in Figure 1 . Arterial pressure was decreased over a period of 2 minutes from 110 mm Hg to 55 mm Hg. Cardiac output fell from 1,640 ml/min to 800 ml/min within the 2 minutes. However, during the next 75 minutes, cardiac output gradually increased toward the control 
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level reaching a new steady-state value of 1,509 ml/min, or 92% of control flow, in spite of the maintained low arterial pressure. Right atrial pressure fell from 0 to -2 mm Hg immediately following the decrement in arterial pressure; this was followed by a gradual increase to a new steady-state value of approximately 0 mm Hg. Oxygen consumption decreased from a control value of 87.5 ml O^./min to 65.7 ml 0 2 /min followed by a gradual return to 95% of control value. A-V oxygen difference increased 80% within the first 2 minutes, followed by a return to only 3% above the control value. The hematocrit did not change significantly, decreasing only from 53 to 52. Figure 2 illustrates typical results following a step increment in arterial pressure, showing almost exactly reverse effects. The time required to reach a new steady state ranged from 13 to 75 minutes with an average of 35 minutes in 13 experiments.
The reversibility of total systemic autoregulation is shown in Figure 3 . Following a 33% decrease in arterial pressure, cardiac output fell initially 25% and then returned to 88% of control flow. With a subsequent 37% increment in arterial pressure, cardiac output first rose 43% but then returned to 102% of the original control cardiac output. Arterial pressure was again decreased by 25%. Cardiac output fell 24% but then returned essentially to the control level. The hematocrit changes were insignificant. A summary of the steady-state pressure-flow changes measured for 13 steps in eight dogs following single step changes in arterial pressure is shown in Total Systemic Autoregulation Curves.-The effect on cardiac output of consecutive small increments in arterial pressure every 16 minutes is illustrated in Figure 5 . The transients, although qualitatively similar to those of the single step experiments, occurred much more rapidly. At the end of the second step, cardiac output had increased to only 5.3% above control flow, whereas arterial pressure had increased 40%. Within this range of arterial pressure, the effectiveness of total systemic autoregulation was at its maximum. This effectiveness decreased during the following steps as evidenced by the increased slope of the autoregulation curve drawn in Figure 6 from this experiment. The hematocrit did not change significantly during the first three steps but did change significantly in subsequent steps as illustrated in Figure 5 , indicating that capillary pressure and capillary fluid loss had begun to increase significantly by that time.
Total systemic autoregulation curves obtained from nine animals are shown in Figure  6 . The effectiveness of autoregulation in maintaining constant flow at a given arterial pressure is determined by comparing the slope of the autoregulation curve with a curve from 
Effect of single step changes in arterial pressure on cardiac output. F / F o represents the ratio of the new steady-state cardiac output (F) to the initial flow (F o ). P/P o represents the ratio of the arterial pressure (V) following a step change to the initial pressure (Pj.
Total systemic autoregulation curves obtained from nine areflexic dogs. Cardiac output and arterial pressure are expressed as ratios of the steady-state values (F and P, respectively) at a given pressure to the initial values (F o and P o , respectively). The straight line represents the pressure-flow relationship in a rigid vascidar system. Note the significant deviation of the experimental pressure-flow relationships from that of the theoretical rigid vascular system.
The autoregulation curves of Figure 6 have been normalized so that the results can be compared. Po is the pressure at the low end of the curve. This averaged 55 mm Hg. The average cardiac output at this point (FQ) was 60 ml/min/kg. Figure 6 , the average step increase in pressure was 16 mm Hg and the average time allowed for the autoregulatory response to occur at each step was 8 minutes. Thus, to obtain the autoregulation curves of Figure 6 , the time required to go from one end of the curve to the other averaged 46 minutes. This rate of increasing the pressure was chosen because preliminary experiments indicated that essentially full autoregulatory response could be achieved under these conditions.
Effect of Rate of Increase in Arterial Pressure on the Degree of Observed Autoregulation.-In determining the autoregulatory curves of
In an additional 28 experiments in 13 dogs, the arterial pressure was increased or decreased along the entire extent of the pressureflow curve in time periods of 1 to 10 minutes. The results of these experiments were similar to those observed in many laboratories, Circulation Research, Vol. XXV, October 1969 namely, no evidence of total systemic autoregulation. Indeed, when the time interval for completing the entire curve was less than 3 minutes, the effect was that normally observed in a typical passive vascular system with blood flow increasing at a more rapid rate than pressure, which is the converse of autoregulation (6) .
Discussion
The goal of this study was twofold: (a) to demonstrate the existence of overall autoregulation in the total systemic circulation and (b) to determine whether or not total systemic autoregulation occurs to a sufficient extent that it needs to be considered in hemodynamie analyses of generalized circulation function.
To be certain that the results were caused by intrinsic changes in the systemic vessels and not by signals from the nervous system, we eliminated the function of the entire central nervous system. In a previous study using the same procedures that we used, Rosenthal and Guyton (7) showed that eliminating the central nervous system blocks all the usual signs of nervous control of the 386 GRANGER, GUYTON peripheral vessels, and they also showed that administration of autonomic blocking drugs did not have a still further effect in blocking nervous control of the peripheral vessels. Also, Hillarp (8) concluded that the likelihood of intraganglionic or axon reflexes affecting the peripheral vessels significantly is either remote or nonexistent. Furthermore, the functions of the nervous control loops were replaced in the present studies by constant infusion of catecholamines, which maintained a constant basal vascular tone. Therefore, the changes in vascular tone during the course of these experiments were assumed to be caused by local cardiovascular control mechanisms.
The quantitative degree of total systemic autoregulation was dependent on the time allowed for the autoregulation response to develop. In very acute experiments in which arterial pressure was raised or lowered rapidly, we were unable to demonstrate any autoregulation. But when the arterial pressure was raised or lowered very slowly, over a period of 20 to 90 minutes through the pressure range of 50 mm Hg to between 125 and 150 mm Hg, very significant autoregulation was observed. The average gain of the autoregulatory response was calculated to be 3.32, which is a gain greater than that of the baroreceptor control system, the gain of which has been measured to be approximately 2.0 (9). Therefore, when pressure changes occur over a period of many minutes rather than acutely, the extent of total systemic autoregulation seems to be great enough that any hemodynamic analysis of whole body circulatory function not including the autoregulatory response would be fruitless.
Autoregulation becomes even more important when the long-term effects of changes in tissue perfusion are considered. For instance, studies by Dollery and his colleagues (10) have demonstrated that embolization of small vessels in the retina of the eye is followed by two stages of collateral vascular enlargement (both of which are actually types of autoregulation) to correct the low blood flow beyond the embolus. The first stage consists of functional dilatation of the small vessels and occurs with a time course similar to that observed in the present experiments. The second stage does not become apparent until several days later when the blood vessel walls seem to stretch anatomically rather than simply to dilate functionally. In addition, other studies (11, 12) have shown that over a period of weeks increased tissue perfusion results in decreased vascular density, whereas decreased tissue perfusion stimulates increased vascularity. Therefore, one could postulate that long-term autoregulation with gains much greater than 3.32 could perhaps be attained if one studied the autoregulation phenomenon over a period of weeks rather than for the hour or so period of these experiments. If this be true, it would explain the observation in coarctation of the aorta that blood flow through the cephalad portions of the circulatory system, where the arterial pressure is very high, is nevertheless almost normal, illustrating local vasoconstriction of blood vessels in the upper part of the body despite the fact that the blood vessels in the lower part of the body below the coarctation are not simultaneously vasoconstricted (13) .
An important example of the way in which total systemic autoregulation could affect overall circulatory function is its postulated effect in hypertension when the hypertension is initiated by increased cardiac output. Assuming that the peripheral vasculature were composed of rigid tubes, an increase in cardiac output theoretically should increase arterial pressure proportionately. However, with an autoregulatory gain of 3.32 in the total systemic circulation, an increase in cardiac output would cause more than three times as much increase in total peripheral resistance as the increase in cardiac output itself. When this is multiplied by the increase in cardiac output, one finds a calculated increase in arterial pressure of four or more times the original increase in cardiac output. Thus, the phenomenon of total systemic autoregulation theoretically multiplies the effect of cardiac output on arterial pressure, which is the basis of the concept put forth from several laboratories (2, 3) postulating that autoregulation could play a major role in the genesis of certain types of hypertension. This postulated mechanism obviously is based on the assumption that the pressure-flow relationship of autoregulating preparations is interchangeable; that is, that flow affects pressure reversibly to the effect of pressure on flow as measured in these experiments. Jones and Berne (14) have demonstrated that this assumption is valid for the skeletal muscle circulation. Also, in the present experiments we studied step increases in cardiac output as well as step increases in pressure and showed qualitatively that the relationship is interchangeable in the total systemic circulation. However, the responses to step changes in cardiac output could not be followed as satisfactorily as could the responses to pressure changes, because the time lag between the response of the cardiac output recorder and the manipulation of the perfusion system prevented us from maintaining an exactly constant cardiac output.
The autoregulation observed in these experiments was not exactly equivalent to the autoregulation that has been observed by many investigators in individual tissues such as muscle, kidney, brain, and so forth, because almost without exception these other studies have indicated that the autoregulatory response occurs almost completely within less than a minute or certainly within 2 to 3 minutes, whereas we were unable to obtain significant total systemic autoregulation within this period of time. We presume that there are passive vascular beds whose blood vessels distend with rising arterial pressure to overbalance the acute autoregulatory responses in some tissues. Yet, there is no reason to believe that the autoregulation which occurred in these experiments is qualitatively different from that which occurs acutely in isolated tissues, merely that prolonged periods of time are required for the response to develop fully.
In view of the fact that many research workers (15, 16) have demonstrated that the strength of contraction of many small blood vessels is directly dependent upon the availCirculation Research, Vol. XXV, October 1969 ability of oxygen, we postulate that the slowly developing autoregulatory response in these studies was brought about primarily by changes in degree of tissue oxygenation. The records of oxygen consumption and A-V oxygen difference fit well with this postulation because the measured values of both always underwent large changes immediately after a step change in arterial pressure but returned toward the normal control values as the autoregulatory response developed. Yet, these values never returned all the way back to the control values, which is the theoretical course that would be observed if tissue oxygenation were a major factor in producing increases or decreases in degree of vascular constriction during the autoregulatory response. Yet, it is true that almost any other metabolic control factor, whether vasodilator or vasoconstrictor, could give similar results.
A side issue that was observed in these experiments also gave evidence that capillary pressure does not seem to change significantly as long as total systemic autoregulation occurs. This was indicated by the fact that the hematocrit remained almost exactly constant, indicating neither loss nor gain of fluid through the capillary membrane, until the arterial pressure was raised to a level high enough that autoregulation failed; then the hematocrit invariably began to rise at a rapid pace, indicating rapid efflux of fluid out of the circulation, presumably in the consequence of a high capillary pressure. This observation indicates that the locus of the total systemic autoregulation is either entirely or almost entirely in the precapillary portions of the circulatory system and not in the postcapillary portions. It also indicates that the autoregulatory mechanism is important in maintaining capillary pressure at a normal level as well as in maintaining blood flow at the level required by the tissues. The importance of this has been pointed out previously by Johnson and Hanson (17) in their studies on autoregulation in isolated tissues.
Our conclusion is that total systemic autoregulation, at least under some conditions, plays an important role in overall whole-body 388 GRANGER, GUYTON hemodynamic equilibrium. Secondly, we postulate that our present experiments probably did not demonstrate the ultimate degree of total systemic autoregulation that would be obtainable should days, weeks, or months be allowed for the response to develop fully. If the degree of total systemic autoregulation is as great as the present experiments indicate, this mechanism would rank along with cardiac output, arterial pressure, and total peripheral resistance as one of the primary factors always to be considered in analyzing long-term changes in circulatory function.
